Purpose: Diagnostic exome sequencing (DES) is now a commonly ordered test for individuals with undiagnosed genetic disorders. In addition to providing a diagnosis for characterized diseases, exome sequencing has the capacity to uncover novel candidate genes for disease.
INTRODUCTION
Rare diseases affect 25-30 million people in the United States, 75% of whom are children, and 25% of pediatric inpatient admissions are due to these diseases. 1, 2 Although between 6,000 and 7,000 rare diseases with suspected genetic etiologies have been described (Orphanet), the responsible gene has been discovered for only half (3, 500) . 3 It is estimated that mutations in up to 15,000 human genes are likely to lead to rare diseases; 4 however, only between ~3,500 and ~7,000 genes have been implicated in some way with disease (Human Gene Mutation Database, OMIM). 4, 5 Dramatic advances in DNA sequencing technology over the past decade rapidly translated to fundamental changes in clinical care in at least two ways: by making large-scale genetic testing more affordable, and by accelerating the rate of scientific discovery of gene-disease associations, thereby increasing our ability to diagnose patients. Exome sequencing serves a dual role as a diagnostic and a discovery tool, [6] [7] [8] and single case reports of patients in whom a candidate gene is identified on a clinical basis are becoming abundant. 7, [9] [10] [11] [12] The first report of exome sequencing successfully identifying a disease gene was in 2010 (ref. 13) , and within just 2 years of this achievement, at least 100 additional genes were characterized as causing disease. 14 The discovery of new disease-causing genes is projected to be the next great revolution in molecular genetics. 14 Since 2010 there has been a marked acceleration in the number of diseases for which the molecular basis is known, and it is estimated that all Mendelian disease genes will be uncovered by the year 2020 (ref. 3) . As an illustration of the fast pace of diseasegene discoveries, we recently reported that among patients who underwent clinical diagnostic exome sequencing (DES), 23% of positive findings were within genes that were clinically characterized within the past 2 years. 15 In a recent publication, clinicians from one clinic felt that candidate genes from DES were reported without stringent criteria and ultimately disagreed with the genes' clinical relevance based on subsequent review of the literature, model systems, and patients' clinical features. 7 Therefore, it is critical that clinical laboratories develop a standardized, in-depth, and transparent system for scoring potential candidate genes for clinical reporting.
In this report, we describe the process for evaluating candidate genes for clinical reporting and provide the rate of candidate-gene reports among the 1,500 unselected consecutive cases that were referred to our laboratory for DES. Our results demonstrate that DES is not only an integral tool for genetic diagnosis but is particularly useful for elucidating the molecular etiology of genetic diseases.
MATeRIALs AND MeTHODs

Terminology
• Retrospective analysis of anonymized data exempted the study from the requirement to obtain consent from patients.
Test options
For certain cases from September 2011 to April 2014, analysis of uncharacterized genes was not completed based on the test selected by the ordering clinician. Since April 2014, analysis of uncharacterized genes was performed on all informative trios that were negative for a reportable finding in a characterized gene. In all, analysis of uncharacterized genes was completed for 934 cases among a cohort of 1,500 probands.
Whole-exome sequencing
Exome library preparation, sequencing, and bioinformatics were performed as previously described. 15 Briefly, samples were prepared using either the SureSelect Target Enrichment System (Agilent Technologies, Santa Clara, CA), SeqCap EZ VCRome 2.0 (Roche NimbleGen, Massion, WI), 16 or the IDT xGen Exome Research Panel V1.0 (Integrated DNA Technologies, Coralville, IA) and sequenced using paired-end, 100-or 150-cycle chemistry on the Illumina HiSeq or NextSeq (Illumina, San Diego, CA). Stepwise filtering included the removal of common single-nucleotide polymorphisms, intergenic and 3′/5′ untranslated region variants, intronic variants outside ±2, and synonymous variants (other than potential splice-related synonymous changes at the first and last positions of exons). However, alterations classified as pathogenic or likely pathogenic based on Ambry's variant classification schema as well as alterations with a Human Gene Mutation Database identifier were protected from the aforementioned filtering. Identified candidate alterations were confirmed using automated fluorescence dideoxy sequencing.
Clinical validity assessment and gene classification
Genes were classified as either uncharacterized or characterized Mendelian disease-causing genes based on Ambry's clinical validity assessment criteria (data in preparation) (Figure 1) . Briefly, the assessment is inspired by the ClinGen clinical validity assessment criteria (http://www.clinicalgenome.org/knowledge-curation/gene-curation/clinical-validity-classifications), which scores evidence of gene-disease relationships using a tiered system: definitive, strong, moderate, limited, no reported evidence, and conflicting evidence reported. A team of scientists reviews the recently published peer-reviewed literature and assesses clinical validity daily. A gene is classified as characterized if there exists at least one gene-disease relationship with evidence that is moderate or stronger. Genes that have gene-disease relationships that are at most of limited evidence are classified as uncharacterized Mendelian disease genes. Gene-disease relationships classified as "limited" by clinical validity assessment have been reported in at least one patient; however, for clinical reporting purposes, the level of evidence is not sufficient to be considered "characterized".
Reporting of primary results
Results were analyzed and reported as previously described. 15 A candidate gene was reported if significant supporting evidence was found. Reports with candidate-gene findings, which were always interpreted as uncertain findings, fell under one of two categories: (i) "candidate" or (ii) "suspected candidate. " Alterations in genes with insufficient evidence to support likely clinical relevance were provided as a supplement to the report as "uncharacterized genes with an insufficient level of evidence. " All exome reportable findings are submitted to ClinVar, and alterations classified as "candidates, " "suspected candidates, " and alterations in uncharacterized genes classified as "insufficient evidence" are submitted to GeneMatcher.
Candidate-gene criteria
Classification of candidate genes was based on the criteria listed in Table 1 . All alterations were classified according to Ambry's clinical variant classification scheme, which includes special classification considerations for alterations involved in candidate genes (http://www.ambrygen.com/sites/default/files/ Reclassification%20Chart.pdf). 17 The variant classification scheme for candidate genes focuses on evidence that the alteration is damaging to the protein function rather than pathogenic for disease. Per the criteria, alterations in candidate genes cannot meet the criteria to be classified as a "pathogenic mutation. " Alterations in uncharacterized genes with potentially reduced penetrance, variable expressivity, or potential mosaicism are not detected and/or evaluated. The candidate-gene criteria use a Figure 1 Clinical validity assessment versus candidate-gene criteria. Clinical validity assessment uses the peer-reviewed literature about gene-disease relationships along with previously reported patients to determine the level of existing evidence that a particular disease is truly caused by alterations in a particular gene. Candidate-gene criteria, which are patient specific, are used to determine the level of available experimental evidence available to propose a candidate gene-disease relationship.
Clinical validity assessment
Clinical validity assessment: Based on existing literature and knowledge about gene-disease relationships, clinical validity has been described as "the determination that a particular disease is truly caused by variants in a particular gene." (Biesecker LG and Green RC, N Eng J Med., 2014). combination of the alteration classification along with supporting experimental data. To report a gene as a "candidate" or "suspected candidate, " a significant amount of experimental data that support the phenotype in question needs to be available. A candidate or suspected candidate cannot be proposed based on the potential deleterious nature of an alteration alone, given that healthy individuals are expected to carry ~300 rare, 18 31 deleterious, 4 and an average of 1 de novo 19 protein-disrupting variant per exome. The candidate-gene criteria scoring system uses a combination of weighted evidence that includes previously reported patients, animal models, human microdeletion/duplication syndromes that include the gene of interest, gene function and expression profiles, and colocalization or interaction with the products of genes known to cause similar phenotypes. The evidence criteria are categorized into different weight levels ("A, " "B, " and "C"), in order of decreasing strength, determined by a team of molecular geneticists and inspired by previously published recommendations. 20, 21 No single piece of evidence can be used to collect points in more than one category or criterion. The criteria are then combined and assessed using the scoring rules defined in Table 1 to reach the ultimate category of "candidate, " "suspected candidate, " "insufficient evidence, " or "nonreported. " 
If the model organism either has a mutation with an inconsistent genetic mechanism compared with the patient or only a moderately consistent phenotype, C-level evidence is achieved.
• In vitro studies: For loss of function alterations, when a gene disruption experiment produces a phenotype supportive of the proposed gene-disease relationship, C-level evidence is achieved. Demonstration that the phenotype can be rescued by complementation in a cellular assay can often be considered even stronger evidence than model systems; 21 in such cases B-level evidence is achieved.
• Protein family, colocalization, or interaction with genes known to cause similar phenotypes: Because the alteration of different genes in a common molecular pathway can lead to similar phenotypic pathologies, 22 such data can be a useful tool in scoring the proposed gene-disease relationship. 20, 21 Demonstration that the gene product colocalizes or physically interacts with the products of genes implicated in the same disease provides B-level evidence. When the protein colocalization and/or interaction is extended to protein families or when the phenotypic overlap between the disease in question and the known disease gene are less specific, C-level evidence is achieved.
• Gene function: When the published literature shows that the normal function of the gene is consistent with the known biology of the disease, C-level evidence is achieved.
• Expression profiles: Generally, mutations in disease genes cause pathology in the tissues in which the genes exhibit higher levels of expression. 22 When it can be demonstrated that the expression profile of the gene of interest is strongly supportive of the proposed gene-disease relationship (such as strong expression restricted to diseased tissues), B-level evidence is achieved. When the expression profile is simply consistent with the proposed genedisease relationship or it cannot be demonstrated that expression is restricted to diseased tissue, C-level evidence is achieved for expression, but not if a point was already counted for gene function.
Candidate-gene clinical report classification categories
• Candidate: To reach "candidate" evidence, the alteration involved in the proposed gene-disease relationship needs to be classified as a "variant, likely pathogenic" according to Ambry's variant classification criteria, 17 which incorporate and surpass the American College of Medical Genetics and Genomics variant classification recommendations. 23 Furthermore, for candidate evidence to be met, the proposed gene-disease relationship needs to score at least one point from category A, or two points from category B, or four points from category C, or one point from category B along with three points from category C.
• Suspected candidate: In general, proposed gene-disease relationships are classified as "suspected candidates" in situations when there are sufficient points to score them as candidates but the alteration involved is classified as a variant of uncertain significance. Alternatively, proposed gene-disease relationships are classified as "suspected candidates" when candidate-level evidence is achieved but the phenotypic overlap between the evaluated patient and the previously reported patients and/or the animal models is uncertain. Last, if the alteration involved in the proposed gene-disease relationship is classified as a variant, likely pathogenic but only either one point from category B along with two points from category C or three points from category C are achieved, the proposed genedisease relationship is scored as a suspected candidate. • Insufficient evidence: Alterations in genes are deemed to have insufficient supporting evidence for likely clinical relevance if any of the following apply: (i) the proposed gene-disease relationship does not meet "candidate, " "suspected candidate, " or nonreported criteria; (ii) the alteration does not affect the gene's major isoform or the isoform is not abundantly expressed in the affected organs; (iii) the alteration is not a nonsense, frameshift, splice, or missense change at a highly conserved amino acid; or the mutant amino acid is observed as the reference in any All patients with analysis of uncharacterized genes a (n) 934
Data are n (%) unless otherwise indicated.
a Among the first 1,500 patients referred for testing, analysis of both characterized and uncharacterized genes was performed for 934 patients. Original research article other vertebrate species (based on species in the UCSC genome browser 24 ); (iv) dominant inheritance is proposed for the gene-disease relationship and the alteration is observed in healthy individuals in population databases; (v) loss of function is the proposed mechanism for the gene-disease relationship among single yet heterozygous truncating alterations and other heterozygous lossof-function alterations are observed in healthy individuals in population databases; or (vi) loss of function is the proposed mechanism for the gene-disease relationship but available data suggest functional redundancy of the gene. 21 • Nonreported: Uncharacterized gene-disease relationships are not included in patient reports in cases where the alteration does not segregate with disease in the family; is present in fewer than 30% of the reads (indicating potential mosaicism or artifact); is a single, heterozygous alteration with a minor allele frequency greater than 0.1%; or is homozygous or compound heterozygous with a minor allele frequency >0.2% in population databases.
statistical analysis
Statistical analysis was performed using Fisher's exact test.
ResULTs
Rates of reported candidates and suspected candidates
Among the first 1,500 patients referred for exome sequencing, both characterized and uncharacterized genes were analyzed for 934 patients, among whom 72 (7.7%) had a reported candidate ( Table 2) . Among these 72 patients, 37 (4.0%) received "candidate" evidence scores and 35 (3.7%) received "suspected candidate" scores. Among the 72 patients with candidate-gene reports, 71 different genes were reported. Six patients had dual findings containing two genes each ( Table 3) . One gene (ACTG) was reported in three patients and five genes (CDC42, HNRNPK, PURA, RAD54L, and SON) were reported in each of two patients. Table 3 shows the gene, the patient's primary reason for referral, and the candidate-gene scoring results for each patient. The references used for each evidence code are provided in Supplementary Table S1 online. The same gene could lead to a different score in different patients, as was the case with HNRNPK and SON, if (i) it was reported on different dates, since the available evidence criteria change over time, or (ii) the phenotypic overlap was uncertain for one of the patients.
DNM1 as a case example using the candidate-gene criteria
In September 2014, we reported a de novo missense alteration in the DNM1 gene in a 10-month-old boy presenting with early-onset infantile spasms, hypotonia, developmental delay, and microcephaly.
At the time, DNM1 was a clinically novel Mendelian disease gene. Analysis of the uncharacterized gene identified in the proband a heterozygous de novo alteration, DNM1 c.1190G>A (p.G397D), which was absent in his unaffected parents and dizygotic twin brother. Through application of the candidategene criteria scoring system, three points were awarded to the B category and two points were awarded to the C category, leading to a classification of "candidate" (Supplementary Table S2 online).
Rates of candidate-gene reports by clinical characteristics
A candidate gene was reported in patients who presented with 18 different primary reasons for referral (Supplementary Table S3 online). The highest candidate-gene report rates were among patients in the oncology/cancer susceptibility and multiple congenital anomalies categories. Age of the proband did not correlate with rates of candidate-gene findings.
Gene-disease relationships with subsequent corroborating peer-reviewed publications
Among the 71 reported candidate genes, 38% (27/71) had subsequent corroborating peer-reviewed publications describing alterations in affected patients (Tables 1 and 4 ; Supplementary Table S4 online). Among candidate genes reaching "candidate" and "suspected candidate" evidence levels, 54.5% (18/33) and 23.7% (9/38) had subsequent corroborating publications, respectively (P = 0.014). The candidate genes described herein include those reported through November 2015. To determine whether time to publication was a factor for peer-reviewed corroboration, we further restricted the analysis to candidate genes reported through December 2014. In this cohort with at least 12 months available for subsequent corroboration (n = 52), the corroboration rate increased to 51.9% (27/52) overall and to 69.2% (18/26) among genes reaching candidate evidence and 34.6% (9/26) for genes reaching suspected candidate evidence.
Among 862 cases originally reported as negative, three (0.35%) were reclassified as positive candidates based on new publications describing patients with alterations in the gene. Prior to the publication(s), each of these genes had insufficient experimental evidence based on the candidate-gene criteria to be reported as candidates or suspected candidates.
DIsCUssION
DES is rapidly becoming the standard of care for patients with rare diseases because it offers a one-step, unbiased interrogation of virtually all of the coding regions of the genome.
The diagnostic yield for DES among unselected patients has ranged from 25% to 40% 7, 15, [25] [26] [27] [28] [29] [30] among characterized Mendelian disease genes. In addition to our previously reported detection rate of 30% among characterized Mendelian disease genes, 31 herein we report a candidate-gene rate of 7.7%, with over half of the genes (51.9%) subsequently corroborated in the peerreviewed literature at least 12 months after clinical reporting.
Reporting candidate-gene results to patients in the context of clinical testing is important for several reasons. First, identification of the underlying genetic defect is one of the most important steps toward intervention for patients; moreover, an early and accurate diagnosis can lead to optimal care and dramatic prognostic improvements for patients and their families. 7, 32 New clinical management strategies have been implemented for patients receiving candidate-gene results. 33 Second, as we continue to uncover additional alterations in rare disease genes, it is expected that most of these alterations will be extremely rare, 4, 6 and altered genes observed within single families (also known as "private genes" or "N = 1") are expected to become more common. In this context, waiting for the identification of additional patients with an alteration in the same candidate gene may either take several years or may never occur. Third, reporting these findings to families who have been in the process of discovering their disease etiology, sometimes for several years, makes families "partners in the discovery efforts" 34 and also provides patients, families, and clinicians with the opportunity to connect via social media and assist in the potential identification of additional patients with the same altered candidate gene. 34 Fourth, if the discovery of new disease genes were strictly handled by research laboratories, gene discovery efforts could be hampered by problems such as lack of funding, quality standards that do not meet clinical requirements, and the possibility that patients would be barred from receiving their results. 6 And last, reporting candidate-gene results to families is important because it can facilitate further research and can help connect clinicians with researchers. 35 The likelihood that the identification of families with private genes (N = 1 case) will become more common also underscores the importance of having a standardized and transparent system for scoring potential candidate genes. Reliance on the availability of multiple affected families is unlikely sustainable in the near future. In such cases, the ability to make continued gene-disease discoveries must rely on other factors such as gene function and/or animal model data, 6, 20 as well as an overall "integrated analysis of genetic, informatic, and experimental evidence." 21 Herein, we present an integrated schema for the evaluation of candidate genes for clinical reporting. It should be noted that, as with all positive DES results, the clinician will continue to play an integral role in the ultimate interpretation of the relevance of clinical results, because the most optimal patient care comes from collaboration between the referring clinician and the diagnostic laboratory.
Further evidence for the utility of the candidate-gene scoring system to positively identify novel candidates is illustrated by the DNM1 case discussed herein. At the time of analysis, patients with pathogenic alterations in the DNM1 gene had not been reported in the literature. Based on the candidategene criteria, candidate-level evidence was achieved as a result of functional studies of the identical alteration in rat dynamin and the phenotype of the "fitful" mice carrying heterozygous alterations, leading to the proposal that the proband's DNM1 alteration was causative of his epileptic encephalopathy. In less than a week after our first DNM1 clinical report, an independent peer-reviewed publication implicating de novo heterozygous DNM1 missense alterations in epileptic encephalopathies was published. 36 It has been noted that candidate genes, when detected, should always be classified as of uncertain significance, requiring additional investigation and/or corroborating evidence to support their pathogenicity. 23 To illustrate this, four suspected candidates were later reclassified as negative: three because of additional family studies that ruled out the alterations by failure to cosegregate with disease and one because of updated population frequency data (the Exome Aggregation Consortium database 41 recently became available). Of note, none of the genes with candidate-level evidence in this cohort has been ruled out to date.
The rapid pace of novel Mendelian disease gene discoveries, made possible largely by the unique ability of clinical exome sequencing to identify patients with candidate genes, underscores the importance of having clinical validity assessment criteria that enable Mendelian disease genes to be classified as either characterized or uncharacterized. As a consequential benefit, the discovery and understanding of novel Mendelian disease genes often lead to the understanding of normal human biology and can advance our understanding of more common diseases and inspire potential diagnostic, preventive, and therapeutic opportunities 20, 37 .
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